Three Bacillus amyloliquefaciens isolates (HK1, GSDM02, and GSDM15) were tested for effectiveness in biodegradation of plastic films. Isolates were screened by plate on carbon-free medium and by using the clear-zone formation test. Their biodegradation ability was analyzed based on: film weight reduction, pH change of the fluid medium, a soil microbial biomass carbon test, scanning electron microscopy (SEM), and Fourier transform infrared spectrometry (FTIR). Polyvinyl alcohol (PVA) clear-zone and film weight reduction results revealed that the strain with a bigger clear-zone had a better biodegradation effect, that PVA can be evenly distributed in the medium, and that PVA can be a substitution for polyethylene in screening the biodegradation of strains. SEM and FTIR revealed that HK1 can tear the film apart and make surface chemical changes within 30 days. HK1 exhibited a better biodegradation effect in all tests, indicating its potential for helping solve the plastic pollution problems.
Introduction
Plastics are man-made long-chain polymeric molecules (Hotta et al. 1997) . The widespread application of plastics is not only due to their better physical and chemical properties, such as strength, lightness and resistance to water, but also due to their low cost (Shah et al. 2008) . Ironically, the most preferred property of plastics-durability-is also a major environmental threat. Large amounts of these polymers are introduced in the ecosystem as industrial and household waste, causing ongoing environmental pollution because plastics are so resistant to degradation (Emadian et al. 2016 ).
Agricultural mulch film (mainly polyethylene PE) is widely used to cover the soil around crops or other newly planted areas to prevent or retard weed growth and to increase water retention and temperature (Llop and Pérez 2011) . But polyethylene film used as agricultural mulch has in turn become a major source of polyethylene waste after it has served this purpose (Quecholac-Piña et al. 2016) . To deal with these environmental problems related to non-biodegradable PE film, research to screen potential microorganisms to degrade plastic is of great importance.
Biodegradation is the process by which organic substances are broken down by living organisms (Sivan 2011) . The primary mechanism for the biodegradation of plastics is oxidation or hydrolysis by enzymes to create functional groups that improve its hydrophilicity (Restrepo-Flórez et al. 2014) . Consequently, the main chains of a polymer are degraded resulting in polymers of low molecular weight and weak mechanical properties, thus making it more vulnerable to further microbial assimilation (Albertsson and Karlsson 1990) . The microbial species associated with degrading high molecular weight polymers have been identified as bacteria in the genera Pseudomonas, Streptococcus, Staphylococcus, Micrococcus, Moraxella, Enterobacter, and Santo et al. 2013; Tribedi and Sil 2013; Chatterjee et al. 2010; Nowak et al. 2011; Pometto et al. 1992; Rajandas et al. 2012; Albertsson et al. 2010; Jun et al. 2014) . Abiotic degradation of plastics may also contribute to biodegradation. In the degradation process of PE, when plastics provide the sole source of carbon and energy for soil microorganisms, small fragments are consumed faster than larger ones (Kawai et al. 2004) .
In this paper, we report the ability of the most promising strain, HK1, to degrade agricultural mulch film using various techniques. Bacteria from various used-film samples were also screened to find new microbial sources for plastic biodegradation, using PVA as an indicator, instead of using PE directly.
Materials and methods

General
Preparation of sterile agricultural mulch film
Used agricultural mulch film was collected from five counties in Gansu Province (Ma Ji, Dan, Zhang Ye, Yu Men and Ping Liang) and cut into 2 × 2 cm 2 squares for screening promising strains. These squares were used for mulch seedling cultures of cabbage for 30 days. The soil moisture content of the field was maintained at 20% and the soil temperature during seedling culture was around 25 °C. New film was also bought and cut into 2 × 2 cm 2 square. Films were disinfected with 75% (v/v) ethanol and the culture was shaken with 2% (w/v) sodium dodecyl sulfate (SDS) for 12 h. After irradiation for 2 h under UV, films were put into the LB medium in a glass tube at 30 °C and underwent 180 rpm in shaking culture for 24 h. Those films in clarified LB medium were chosen for the following tests.
Primary screening and culture conditions
More than 190 bacterial strains were provided by Professor Xiaoping Hu from Northwest Agriculture and Forestry University and were selected by Professor Fusako Kawai from The Center for Nanomaterials and Devices, Kyoto Institute of Technology. The 190 strains were activated on LB (g/L: yeast extract, 5 g; Tryptone, 10 g; NaCl, 10 g; PH 7.0; Agar, 18 g). When the bacteria had developed, single colonies were inoculated in 100 ml/250 ml PVA liquid medium (g/L: PVA, 2.0 g; K 2 HPO 4 , 1.6 g; KH 2 PO 4 , 0.2 g; MgSO 4 , 0.05 g; CaCl 2 0.05 g, FeSO 4 , 0.02 g; NaCl, 0.02 g; NH 4 NO 3 , 0.8 g; pH 7.2; solid medium added agar 18 g) at 30 °C, at 180 rpm, and cultured for 24 h for the subsequent tests.
Used plastic film with significant damage was chosen and underwent 180 rpm of shaking culture in 100 ml/250 ml sterile water, respectively, for 24 h. The obtained solution was gradient-diluted.
Carbon-free medium was poured into the Petri dish. Sterile agricultural mulch films were placed on it when the medium had not completely solidified. It was then dried on the clean bench. The plates were spread with 100 µl solutions of PVA fermentation and different concentration solution of used plastic treatments, incubated at 30 °C, and observed after 24 h and after 5 days. The colonies which grew along the plastic film edge were selected, purified, and underwent shaking culture in PVA fluid medium at 30 °C, 180 rpm for the PVA-clear zone test.
Assist screening method of biodegrading bacterial strains
Dye liquor consisted of dissolved 8 g KI in 100 mL of sterile water to which 1 g I2 was added and stored in a brown bottle. 10 µl bacteria PVA fermentation was pipetted and cultured in the center of the PVA solid medium, incubated at 30 °C for 1 day, and then dyed by I2-KI dye. The radius of the clear zone was measured after 5 min. The strain with the largest transparent circle was selected and its continuous biodegradation effect was based on observing the clear radius every 24 h. 10 µL of PVA liquid medium was used as the control, and each treatment was repeated 3 times.
The biodegradation effect of HK1, GSDM02 and GSDM15
Weight reduction in Erlenmeyer flask
New film, used film and PE particles were measured out for 0.1 g and sterilized according to the method described in 2.1.1. The PVA fermentation broths were cultured at 30 °C, 180 rpm for 24 h, and adjusted to OD 600 = 0.6. We placed the treated plastic into a conical flask filled with 100 ml PVA liquid medium and added 3 mL of PVA fermentation broth of HK1, GSDM02 and GSDM15, respectively, cultivating them under the conditions of 30 °C and 180 rpm; 3 mL of PVA liquid medium was added as a control, and each treatment was repeated 15 times. The plastics were measured after 30, 60 and 90 days of incubation. We washed off the bacterial biofilm from the plastic surface with a 2% (w/v) SDS and after shaking for 12 h, we washed it with distilled water. The washed plastics were placed on a filter paper and dried overnight in an oven at 56 °C before weighing. 30 ml PVA liquid medium was added to the flask in an ultra-clean bench each month to maintain the amount of medium. Bacteria liquid cultured treatments (PVA-HK1, PVA-GSDM02, and PVA-GSDM15) were designated as CK1; plastic cultured treatments (PVA-U, PVA-N, PVA-P) were designated as CK2, and each treatment was repeated three times.
Weight reduction in soil
Used and new plastic film were measured for 0.1 g and were placed in a dish containing soil 150 g (PH 8.0; soil moisture content: 12%), then covered them with 150 g soil. We added 5 ml HK1, GSDM02 and GSDM15 PVA fermentation (PVA fermentation broths were cultured at 30 °C, 180 rpm for 24 h, and adjusted to OD600 = 0.6), respectively, and added sterile water until its soil water content reached 15%. Weighed each sample and made a record, then weighed the sample every 14 days and sprayed sterile water on the surface of the soil to increase it to the original weight in order to maintain humidity for microbial growth. They were taken out from an incubator at 30 °C on the 30, 60 and 90 days and underwent the cleaning method described in 2.3.1. The soil samples (S) were labeled as CK1, the soil with HK1 fermentation samples (S-HK1) were labeled as CK2, and the soil with plastic film (S-U, S-N) was CK3. Each treatment was repeated five times.
SEM analysis
The surface morphology of plastic was analyzed by SEM to check for any structural change. Plastic film was treated by HK1, GSDM02 and GSDM15 for 30 days, fixed by glutaric dialdehyde for more than 6 h, and then rinsed three times with 0.1 mol/L phosphate buffer (PBS) for 5 min each. It was dehydrated in 10, 30, 50, 70, 80, 90, 95% alcohol concentration gradient fluids for 10-20 min, respectively, and finally washed again (20-30 min × 2 times) in 100% ethanol. 25, 50 and 75% tert-butanol were used to treat samples for 15 min step by step, and then samples underwent freeze-drying using pure tert-butanol. Samples were examined under a high-resolution scanning electron microscope (Hitachi S-3400N).
Other measurements of HK1 biodegradation
FTIR analysis
To determine the effect of chemical changes on the plastic film due to biodegradation by the HK1, FTIR studies were carried out for both the new film and the HK1 treated film and analyzed using German Brook Vextex70.
Determination of pH change
The pH of the HK1 groups was measured by pH meter (Sartorius PB-10) and recorded every 3 days. This testing lasted for 15 days and was repeated five times.
Determination of soil microbial carbon content
We weighed six portions of 12.5 g fresh soil from the HK1 treatment groups after 30 days and divided them into two groups, putting them into beakers. Chloroform was added in three beakers and water in the other three, and then the beakers were placed in two vacuum dryers. Beakers were evacuated with a vacuum pump until the chloroform in the beaker boiled, after 3-5 min, we turned off the vacuum pump valve and incubated the samples under dark conditions for 24 h. After fumigating, we added 0.05 mol/L FeSO4 solution (soil:water = 1:4) to the fumigated and un-fumigated soils at the same time. These were centrifuged, filtered, and analyzed by elemental analyzer (Elementar vario MACRO cube). We then calculated the content of the microbial biomass carbon based on the following formula:
The biodegradation effect of HK1 in the plot
The used plastic film surfaces were cleaned as described above; we cut the film into 20 cm × 40 cm squares that were dried and weighed these before the field experiment.
We chose an area of 6 m 2 fields in four counties (Dingxi, Tongwei, Anding, Yangling) and dug pits of 15 cm depth. In each pit was placed a weighed plastic film and it was evenly sprinkled with 200 ml HK1 fermentation; we applied 200 ml PVA fluid medium as control, then filled the pit. Each field pit was repeated five times.
Statistical analysis
Statistical analyses were performed by SAS, Statistical Analysis System (SAS Institute Inc.), including an analysis of variance (ANOVA) according to a random design. Duncan's test at P < 0.05 was applied for comparison of the treatments in the pot experiments. GraphPad Prism 6 and Origin 8.0 were used to draw the figures.
Results
Screening of biodegradation strains
Screening on carbon-free medium
Ninety-eight strains could grow along or underneath the plastic film on carbon-free medium. One of them was an actinomyces, two were fungi and all others were bacteria. Some may have a biodegradation effect on plastic, but they also could be autotrophic microbes. They were selected and cultured on lysogeny broth (LB) for the following experiments.
Screening by PVA clear-zone
Only 12 out of 98 strains were able to produce a clear-zone on the PVA medium. The radiuses were distinctly different. HK1 (given by Professor Xiaoping Hu, GenBank Accession number AB279736) showed the largest clear-zone followed by GSDM02 and GSDM15, which were 0.925, 0.45, 0.667 cm, respectively. These three were chosen to be the candidate strains for the following experiments. The continuous biodegradation effect of HK1 on agriculture plastic film was tested by the PVA clear-zone experiment. After being inoculated with HK1, a clear halo formed and increased over time, the radius of the clear halo was 0.925, 1.4, 1.85, 2.2 and 3.1 cm, respectively, in 1-5 days. This indicates that HK1 can depolymerize PVA at a significant rate and might also depolymerize agricultural plastic film which has a polymer structure similar to PVA.
Biodegradation effect of strains HK1, GSDM02 and GSDM15
Weight reduction
Weight reduction provides a direct measure of the biodegradation ability of different strains. After 90 days, the used film weight loss was 6.67%, while the new film lost 3.68% in the HK1 group (Table 1) . HK1 performed better than GSDM02 and GSDM15 in this weight reduction test. All strains presented similar results indicating that used film is easier to biodegrade than new film or the PE particles.
Weight of plastics was reduced more in soil than in the laboratory flask for all the groups. After 90 days treatment with HK1, the biodegradation rate of used film reached 6.8% (Table 2) , higher than the new film group or the other two strains.
SEM analysis of the surface of plastic film
Films were put in the flask with three strains respectively and cultured for 30 days. In the HK1 treated group, lumps appeared on the surface of film. When they were picked off, a hole was left on the film. The other two strains in the treated groups showed no significant differences from the control group.
SEM analysis shows that HK1 can form a lump and degrade the film. As shown in Fig. 1 , lumps could erode the plastic and tear it apart, while the other two strains changed little compared to the control.
HK1 biodegradation effect
FTIR analysis of the surface of plastic film
HK1 performed the best in the initial experiments. FTIR spectroscopy was then used to analyze the changes to the films after treatment with HK1. The spectra of control groups showed three main peaks reflecting the nature of plastic film (Fig. 2) . In the new plastic film-control group, the characteristic absorption bands were assigned at 723 cm − 1 (C-H bend-mono), 1463 cm − 1 (C=C stretch) and 2916, 2851 cm − 1 (C-H stretch). Significant changes were found after treatment with HK1. New absorption peaks Table 1 Biodegradation rate appeared; for example, 1366, 126 cm − 1 (C-H), along with a 1468 cm − 1 peak represented an isopropyl group (Usami et al. 2014; Xie et al. 2005) , which means that the branch chain had changed and the degree of polymerization had decreased (Fig. 2) .
pH Change
In all four treatments, plastic films demonstrated significant pH changes (Fig. 3) . The pH of the used film group decreased rapidly in 6 days and rose again, while in the new film group, the variation tendency was similar but delayed. The pH of the plastic particle group showed little difference from the control. Dey et al. (2012) found out that microorganisms secrete a variety of enzymes into the soil water, which begin the breakdown of the polymers. The pH result in U-HK1 and N-HK1 groups showed the production of some enzymes and metabolites with the indication of pH change supporting the metabolic activity of strains on the mulch substrate and also its degradation. The rate and speed of pH change likely represents the degradation level and indicates that used film was easier to degrade than the new film and particles.
Soil microbial biomass carbon
Soil microbial biomass carbon is an important index to measure soil quality and is closely related to the microbial biomass in the soil (He 1997) . Microorganisms play an important role in regulating nitrogen and carbon, and soil ecology (Kirk et al. 2004) . Soil microbial biomass represents the vitality and quality of the soil to a certain extent.
Results shown in Fig. 4 indicate that soil biomass carbon content is higher when treated with HK1. The carbon content of U-HK1 and N-HK1 groups is higher than in the S-HK1 group which illustrates that the HK1 population increased with the exposure to plastic.
Biodegradation in field
Field experiments were carried out in four counties in Gansu Province. As shown in Fig. 5 , HK1 groups have a better biodegradation rate than the control in the four areas. But the degradation effect is significantly different; this might be related to the different soil moisture content and temperature. 
Discussion
Agricultural mulch film pollution is a significant problem in some areas of China as well as worldwide. In this study, we found strains, HK1, GSDM02 and GSDM15 had the ability to degrade plastic film. Furthermore, HK1 performed the best in previous experiments.
A simple method (PVA clear zone) was used to screen strains in this study. Clear zone is a conventional method to screen strains (Nishida and Tokiwa 1993; Abou-Zeid et al. 2001) . But PE is hard to evenly distribute in a medium; PVA with a similar structure readily dissolves in medium and can substitute for PE. Our results also demonstrate that the strain with a bigger PVA clear zone also has a greater degradation effect on PE, like HK1 performed better than GSDM02 and GSDM15.
The biodegradation rate in a disk of HK1 treated used film could reach 3.7% in 60 days and 6.8% in 90 days, which is much higher than other microbes like actinomycete (Mor and Sivan 2008) . The SEM showed that HK1 did not seem to form a biofilm on the mulch as usual (Peixoto et al. 2017) but could make a hole on the plastic mulch. Dey et al. (2012) found out that microorganisms secrete a variety of enzymes into the soil water, which begin the breakdown of the polymers, and enzymes secreted by strains involved in the processes of biodegradation cause a significant change in pH. Thus both the pH change in the medium together with the new FITR peak indicates the degradation activity of HK1.
All of our results indicate that HK1 is a promising strain for degrading agricultural mulch film. HK1 showed a stable effect in flask, Petri dish soil and field. But the biodegradation process of HK1 and the best conditions and application methods for HK1 will require further research. The impact of HK1 after application in the soil also needs to be further evaluated.
